The corpus callosum is the largest commissure in the brain, whose main function is to ensure communication between homotopic regions of the cerebral cortex. During fetal development, corpus callosum axons (CCAs) grow toward and across the brain midline and then away on the contralateral hemisphere to their targets. A particular feature of this circuit, which raises a key developmental question, is that the outgoing trajectory of post-crossing CCAs is mirror-symmetric with the incoming trajectory of pre-crossing axons. Here, we show that post-crossing CCAs switch off their response to axon guidance cues, among which the secreted Semaphorin-3C (Sema3C), that act as attractants for pre-crossing axons on their way to the midline. This change is concomitant with an upregulation of the surface protein Ephrin-B1, which acts in CCAs to inhibit Sema3C signaling via interaction with the Neuropilin-1 (Nrp1) receptor. This silencing activity is independent of Eph receptors and involves a N-glycosylation site (N-139) in the extracellular domain of Ephrin-B1. Together, our results reveal a molecular mechanism, involving interaction between the two unrelated guidance receptors Ephrin-B1 and Nrp1, that is used to control the navigation of postcrossing axons in the corpus callosum.
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In Brief
Mire et al. discover a unique interaction between Ephrin-B1 and Nrp1 that turns off the axonal response to the Sema3C attractant. This molecular on/off switch allows callosal axons to move across mirror-symmetrical gradients of Sema3C on both sides of the brain midline.
INTRODUCTION
The symmetrical organization of body architecture and nervous system structure along a sagittal plane is a striking feature in Bilateria. Communication between the two mirrored halves of the nervous system is ensured by axonal tracts, called commissures, which control integration of sensory information and elaboration of coordinated behavior. During development, commissural axons grow toward, across, and then away from the midline of the body to reach their targets on the contralateral side. This latter part of the trajectory, termed ''post-crossing,'' diverges drastically depending on the type of commissural neurons. In the spinal cord of vertebrates, axons from dorsal commissural interneurons elongate along the longitudinal axis after crossing the midline and therefore follow a trajectory that is radically different from their circumferential pre-crossing trajectory to the ventral floor plate. By contrast, commissural axons of the forebrain, which mostly connect homotopic regions of the two cerebral hemispheres, adopt post-crossing trajectories that are largely symmetrical to their pre-crossing paths. While the mechanisms controlling the switch to a longitudinal postcrossing trajectory in the spinal cord have been extensively studied (for a recent review, see [1] ), we know little about those allowing axons to navigate along symmetrical (mirrored) environments on each side of the midline.
The corpus callosum is an evolutionary recent brain commissure that has emerged in placental mammals together with the expansion of the neocortex [2] . Its main function is to ensure communication between homotopic regions of the cortex and congenital abnormalities of the corpus callosum have been associated to a number of neurodevelopmental disorders including autism spectrum disorders, attention-deficit hyperactivity disorders, and schizophrenia [3] . Previous studies have uncovered guidepost cells and molecules required for midline crossing of corpus callosum axons (CCAs). These include bilaterally symmetric glial structure at the cortical midline, as well as populations of guidepost neurons distributed along the midline path of CCAs, that express multiple repulsive and attractive guidance signals, like members of Slit, Ephrin, Netrin, Semaphorin and Wnt families, and Draxin [4] [5] [6] [7] [8] [9] [10] [11] [12] . Loss of these guidance cues and/or guidepost cells interferes with the ability of callosal axons to cross the midline, leading to aberrant accumulation of axons either side of the interhemispheric midline into structures known as Probst bundles or to axonal misprojections into the ventrally located septum [4, 6, 7, [12] [13] [14] [15] .
The mechanisms that regulate the guidance of post-crossing CCAs are comparatively less understood. Like in the developing spinal cord, spatiotemporal regulation of guidance responses is critical to promote CCA escape from the midline. Current models indicate that post-crossing CCAs switch on, or upregulate, their responses to the midline signals Wnt5a and Slit2, which repel axons away from the midline into the contralateral hemisphere [5, 12, 16, 17] . Precise regulation of guidance responses might also be important to allow post-crossing CCAs to grow further into the intermediate zone of the cortex alongside contralateral pre-crossing axons, which follow a similar, but opposite, trajectory. However, the mechanism and molecules that guide CCAs in the intermediate zone of the cortex remain largely unknown. Here, we investigated the mechanism controlling the postcrossing trajectory of callosal axons that connect frontal (Fr) regions of the neocortex in the corpus callosum. Developing Fr CCAs extend though the intermediate zone of the cingulate (Cg) cortex, which lies immediately above the corpus callosum, to reach the midline-crossing interhemispheric region and then pursue their growth in the contralateral Cg cortex. We showed that Fr CCAs modify their response to Cg cortex-derived guidance signals after midline crossing. Specifically, they switch off their attractive responsiveness to the secreted Sema3C, which is expressed in a high-medial to low-lateral gradient in the Cg cortex. We further showed that expression of Ephrin-B1 on CCAs at post-crossing stage mediates this silencing through a physical interaction with the Sema3C receptor Nrp1. Accordingly, in vivo manipulation of Efnb1 levels in cortical neurons differentially affects post-crossing extension of Nrp1 + and Nrp1 -CCAs. Taken together, our results demonstrate that Ephrin-B1 is developmentally regulated in CCAs, functioning to inhibit Sema3C signaling on post-crossing axons, to allow them to grow against the concentration gradient of Sema3C in the contralateral hemisphere.
RESULTS

Post-crossing Fr CCAs Switch off Attraction after Midline Crossing
During mouse embryogenesis, Fr CCAs navigate ventrally through the developing Cg cortex to cross the brain midline between E16.5 and E17.5, a stage when they can be seen extending dorsally in the contralateral Cg cortex (Figures S1A-S1D). We first investigated whether interactions with the midline substrate regulate the ability of Fr CCAs to grow into the contralateral hemisphere. To do so, explants of dorsal telencephalic midline, or, as a control, explants of Cg cortex, were transplanted in the Cg cortex of a brain slice prepared at E16.5. The progression of Fr CCAs was monitored by injection of DiI in the Fr cortex on the ipsilateral side of the graft ( Figure 1A ). In the control setting, DiI-labeled Fr CCAs followed a normal trajectory through the ipsilateral Cg cortex despite the presence of the orthotopic graft, crossed the midline, and grew into the contralateral hemisphere in the majority of the slices (13 of 21) ( Figures 1B and 1D ). In the presence of a midline graft, Fr CCAs were able to grow across the ectopic midline tissue. However, as axons exited the graft, in the majority of cases (15 of 23) they showed aberrant trajectories in the ipsilateral Cg cortex, eventually failing to grow toward the contralateral hemisphere ( Figures 1C and 1D ). These results suggest that contacts between Fr CCAs and midline tissue may modify axon responsiveness to guidance signals located in the Cg cortex. To further explore this idea, we grafted explants of Cg cortex into the septum region, located beneath the corpus callosum, of a E16.5 brain slice, either ipsilateral or contralateral to the DiI injection site in the Fr cortex ( Figure 1E ). In most slices with an ipsilateral graft (10 of 13), pre-crossing Fr CCAs defasciculated from the main tract and extended toward the Cg graft in the septum ( Figures 1F, 1H , and S1E). By contrast, when the Cg graft was placed contralaterally to the DiI injection site, Fr CCAs followed a normal trajectory through both the ipsilateral and contralateral cortex (10 of 12 slices) (Figures 1G and 1H) . Interestingly, in the very few cases where axons deviated from the main tract, they did so before crossing the midline ( Figure S1E ). Thus, Cg tissue can attract pre-crossing but not post-crossing Fr CCAs. Together, these results indicate that Fr CCAs are guided toward the brain midline by chemoattractive cues located in the Cg cortex and lose their responsiveness to these signals once they have crossed the midline.
Fr CCAs Axons Lose Responsiveness to Sema3C after Midline Crossing
Only a couple of axon guidance molecules have been shown to act as chemoattractants for CCAs. Netrin-1, which is produced at the midline, selectively attracts pioneering CCAs derived from the Cg cortex but is not attractive for neocortical CCAs [16] . Sema3C is expressed by glutamatergic neurons that transiently populate the midline region and exert attractive effects on both Cg and neocortical axons [7, 18] . Here, we found that Sema3c mRNA was expressed in a lateral-low to medial-high gradient in the Cg cortex at E15.5 when pre-crossing CCAs navigate toward the midline ( Figures S2A and S2B) . From E16.5 onward, this graded expression expanded laterally into the Cg cortex and adjacent cortical regions ( Figures S2A and S2B) . Thus, Fr CCAs encounter increasing and decreasing gradients of Sema3C at pre-crossing and post-crossing stages, respectively. To test how Fr CCAs respond to Sema3C, we grafted aggregates of HEK293T cells expressing recombinant Sema3C into the septum of E16.5 brain slices, ipsilateral or contralateral to the DiI injection site in the Fr cortex ( Figure 2A ). As previously reported for CCAs derived from the Cg cortex [7] , we found that the ectopic source of Sema3C in the ipsilateral septum attracted pre-crossing Fr CCAs and deviated them from the main tract before they crossed the midline ( Figure 2B ). Control untransfected HEK293T cells, however, had no effect on the callosal projection ( [7] and data not shown). When Sema3C-expressing cells were grafted into the contralateral septum, some Fr CCAs were also seen growing in the septal area, but, similar to the ipsilateral setting, they exited the main tract before crossing the midline ( Figures 2B and 2C) n represents the number of slices from at least 3 independent experiments. cc, corpus callosum; Cg, cingulate cortex; Fr, frontal cortex; mid, telencephalic midline region; Sep, septum. Scale bars, 100 mm. See also Figure S1 .
activity on pre-crossing, but not post-crossing, Fr CCAs. This differential activity was not due to changes in expression of Nrp1, the binding receptor for Sema3C, which was detected in Satb2 (Special AT-rich sequence-binding protein 2)-positive callosal neurons in the Cg and Fr cortices ( Figures S2C-S2E ), or on CCAs from E15.5 to E17.5 ( Figures S2F-S2H ). Moreover, in brain slices, Nrp1 was detected in the post-crossing segment Figure S2 .
of DiI-labeled Fr CCAs that did not respond to a contralateral source of Sema3C ( Figures 2C and 2D ). Therefore, post-crossing Fr CCAs lose their responsiveness to the Cg cortex-derived Sema3C signal despite maintaining Nrp1 expression.
Ephrin-B1 Is Upregulated on Fr CCAs after Midline Crossing Several mechanisms have been shown to set axon sensitivity to environmental cues, including receptor crosstalk [19] . Here, we hypothesized that Sema3C/ Nrp1 signaling might be modulated by interaction with other cell-surface molecules expressed on Fr CCAs after midline crossing. We screened candidate genes known to be involved in CCAs guidance and whose expression in Fr cortical neurons, as assessed by in situ hybridization, differs between pre-crossing and postcrossing stages (data not shown). We found that Efnb1, which encodes the transmembrane protein Ephrin-B1, fulfilled these criteria. At E15.5, Efnb1 was expressed in the ventricular zone and subventricular zones of the cortex but was undetectable in the cortical plate ( Figure 3A ). The transcript started to be detected at E16.5 in the Cg and Fr cortices and was maintained at E17.5 ( Figures 3B and 3C ), when it was expressed in Satb2-positive callosal neurons ( Figure S3A ). We further show that Fr cortical neurons with Nrp1 mRNA co-expressed Efnb1 transcript at E17.5 ( Figure S3B ). In addition, we found that the Ephrin-B1 protein was absent on CCAs at E15.5 and E16.5 as they grow through the ipsilateral Cg cortex and reach the midline ( Figures  3D, 3E , S3C, and S3E), but its expression was upregulated at E17.5 after midline crossing ( Figures 3F, S3D , and S3E). Together, these results indicate that Ephrin-B1 is expressed in the right place and at the right time to regulate Sema3C/Nrp1 signaling in post-crossing CCAs.
Ephrin-B1 Ectodomain Mediates Silencing of Sema3C Response
To determine how Ephrin-B1 may affect Sema3C/Nrp1 signaling, we turned to an in vitro axon outgrowth assay using dissociated neurons of mouse neocortex. We first assessed the effect of Sema3C on neurons harvested at E15.5, when no CCAs have yet crossed the midline, or at E18.5, when axons already crossed the midline ( Figure 4A ). Addition of recombinant Sema3C to the culture medium increased the length of Nrp1-expressing axons at E15.5, but not at E18.5 ( Figures 4B and 4C ), mimicking the differential responses of pre-crossing and post-crossing CCAs to Sema3C observed in brain slices. Next, we found that introducing a plasmid encoding a full-length version of Ephrin-B1 in E15.5 cortical neurons completely abolished the growth-promoting response to Sema3C ( Figures 4D and 4E ). The intracellular signaling ability of Ephrin-B1 (referred as to ''reverse signaling''; [20] ) is unlikely to be involved in this silencing process since axonal response to Sema3C was efficiently blocked by an Ephrin-B1 variant lacking its intracellular domain (Ephrin-B1DC) (Figures 4F and 4G) or by addition of a soluble form of the Ephrin-B1 ectodomain (Ephrin-B1-Fc) to the culture medium ( Figures 4H and 4I ). Remarkably, this activity was specific to Ephrin-B1 since soluble Ephrin-B2 or Ephrin-A5 ectodomains did not interfere with the normal growth response to Sema3C ( Figure 4J ). To further confirm a role of Ephrin-B1 in the inhibition of axonal response to Sema3C, we examined the growth of neurons harvested from conditional mutant embryos lacking Efnb1 expression in the dorsal telencephalon (Efnb1 Cre , referred as Efnb1 Cont ) ( Figure S4 ). As expected, the loss of Efnb1 restored axon growth response to Sema3C in cultures of E18.5 Efnb1 cKO neurons. Importantly this response was blocked by addition of soluble Ephrin-B1-Fc to the culture medium ( Figures 4K and 4L ). Together, these results demonstrate that Ephrin-B1 silences Sema3C/Nrp1 signaling in cortical axons and that this activity is associated with the extracellular portion of the Ephrin-B1 protein.
Ephrin-B1 Interacts with Nrp1 in Cortical Neurons
We next investigated the mechanism by which Ephrin-B1 extracellular domain silences Sema3C/Nrp1 signaling. To start with, we tested for an interaction between Ephrin-B1 and Nrp1 proteins. Co-immunoprecipitation experiments were performed using medial regions of the cortex, which contain the CC and adjacent Cg and Fr cortices, harvested from E15.5 and E18.5 mouse embryos ( Figure 5A ). We found that Nrp1 and Ephrin-B1 proteins interacted at E18.5, but not at E15.5, although both proteins were present in the lysate consistent with the fact that both proteins are not expressed in the same cells at this early stage ( Figures 5B  and 5C ). Accordingly, no interaction was found in extract of lateral (parietal) cortex where Ephrin-B1 is expressed at E18.5, but where Nrp1 is absent ( Figures 5A-5C ). Thus, at post-crossing stage in the development of Fr CCAs, Ephrin-B1 physically interacts with Nrp1 in neurons of the medial cortex. In addition, we used twocolor stimulated emission depletion (STED) microscopy to investigate the spatial distribution of the two proteins on the cell membrane. Nrp1 and EphrinB1-GFP constructs were expressed in COS-7 cells and were subsequently immunolabeled with antibodies against either Nrp1 or the GFP tag. We found that Nrp1 and Ephrin-B1 colocalized within membrane microdomains at the cell surface ( Figure S5A ). After 10 min of stimulation with Sema3C to induce the internalization of Nrp1, the spatial overlap between the Nrp1 and Ephrin-B1 signals significantly dropped by 78% ( Figures S5B and S5C ). Thus, Ephrin-B1 might be a component of a multi-receptor complex for Sema3C.
Ephrin-B1 Does Not Impair the Interaction between Sema3C and Nrp1
Several lines of evidence indicate that trafficking of associated surface receptors is one of the key principle for the regulatory functions of Ephrin molecules [21] [22] [23] . We thus reasoned that Ephrin-B1 could regulate the constitutive surface expression of the Nrp1 receptor, thus decreasing its availability for ligand binding. However, we found that expressing the full-length version of Ephrin-B1 in E15.5 cortical neurons or addition of soluble Ephrin-B1-Fc to the culture medium did not alter surface expression of Nrp1 on axonal growth cones (Figures 5D and 5E and data not shown).
Heterodimerization could also change the ligand binding properties of the Nrp1 receptor. We tested this hypothesis using a ligand binding assay on HEK293T cells transiently transfected with expression plasmids for Nrp1 or Ephrin-B1. As expected, AP (alkaline phosphatase)-Sema3C bound to the surface of cells expressing Nrp1, but not to cells expressing Ephrin-B1, similar to AP-Sema3A and AP-Vegfa, two other bona fide Nrp1 ligands. All ligands also bound to Nrp1-expressing cells in the presence of soluble Ephrin-B1-Fc (Figures 5F-5H) or to cells co-expressing full-length Nrp1 and Ephrin-B1 proteins ( Figures S5D-S5I ). These data indicate that Ephrin-B1 does not modulate axonal responses to Sema3C by decreasing Nrp1 receptor availability for ligand binding.
Ephrin-B1 Functions Independently of Eph Receptors
Ephrins function primarily as ligands for Eph family of receptor tyrosine kinases (RTKs). Both proteins are able to interact in cis when expressed in the same cell and cis interaction has been shown to inhibit Eph-mediated signaling [24] . While Eph Ephrin-B1ΔC
Tubulin Nrp1 (legend continued on next page) receptors have not been involved in Semaphorin signaling, activation of other RTKs (e.g., Kdr/VEGFR2, Met, Erbb2) have been shown to be functionally important for attractive Semaphorin signaling [25, 26] . We therefore tested the involvement of Eph signaling in the response of E15.5 cortical neurons to Sema3C by overexpressing dominant-negative forms of EphB2 (EphB2-DC) and EphA4 (EphA4-DC), two receptors for Ephrin-B1 expressed in CCAs [6, 27] . The growth-promoting response to Sema3C was unaffected in these conditions (Figure S6A ). In addition, we found that introducing an Ephrin-B1 variant mutated at Serine in position 37 (Ephrin-B1S37), which was reported to disrupt interactions with Eph receptors [28] , efficiently blocked Sema3C response in cultured E15.5 cortical neurons as observed with the wild-type protein ( Figures S6B  and S6C ). Thus, Sema3C signaling and its silencing by Ephrin-B1 are independent on Eph receptor function.
N-Glycosylation Controls the Silencing Function of Ephrin-B1
Previous data reported that N-glycosylation is required for the effective function of Ephrins during neural assembly in the Drosophila nervous system [29] . We hypothesized that glycosylation of the Ephrin-B1 ectodomain might be involved in silencing Sema3C signal. Using bioinformatics tools, we found two putative sites for glycosylation on Ephrin-B1 extracellular domain: a serine (S) residue at position 217 for glycosaminoglycans attachment and an asparagine (N) residue in position 139 for N-glycosylation (see STAR Methods). The presence of a N-linked carbohydrate moiety at the N-139 site was also reported in [30] . These residues were mutated respectively into an alanine (S217A) and a glutamate (N139Q) to prevent glycosylation. Western blot and fluorescence-activated cell sorting (FACS) analyses in heterologous cells indicated that Ephrin-B1S217A was preferentially targeted to the proteasome; thus, it was not further studied ( Figure S6D and data not shown). On the other hand, Ephrin-B1N139Q was properly expressed at the cell membrane, and it retained its ability to bind Eph receptors ( Figure S6E and [31] ). When expressed in E15.5 cortical neurons, Ephrin-B1N139Q did not inhibit the Sema3C mediated increase in axon growth ( Figures 6A and 6B ), thus indicating that N-glycosylation of Ephrin-B1 ectodomain at position 139 contributes to the blocking function of Sema3C signaling.
Ephrin-B1 Regulates Axonal Response to Sema3C during Callosal Development
The above results suggest that the temporally regulated expression of Ephrin-B1 may ensure the proper navigation of Fr CCAs, by allowing axons to respond to ipsilateral Cg cortex-derived Sema3C and silencing Sema3C signal in the contralateral Cg cortex. Ephrin-B1 has previously been established as a critical regulator of callosal development since Efnb1 null brains display complete agenesis of the CC with uncrossed axons forming large Probst bundles on either side of the midline [14] . Figures S6F and S6G ). Embryos were then harvested at E17.5, the stage when endogenous Ephrin-B1 is normally upregulated on post-crossing axons, and the distance of the axon growth front was measured from the midline (scheme in Figure 6C ). At E17.5, callosal neurons electroporated with an Ephrin-B1 expression plasmid showed a marked reduction in their axonal extension along the callosal path, as compared to neurons electroporated with GFP (control) or with the Ephrin-B1N139Q mutant construct ( Figures 6D-6G ). This effect was specific for axons expressing Nrp1 since expressing Ephrin-B1 in Nrp1-negative callosal neurons of the parietal cortex (whose axons occupy a ventral position in the corpus callosum, Figures  S6F and S6H ) did not delay axonal extension at the midline but rather increased CCAs progression compared to controls (Figures 6H-6J) . Thus, expression of Ephrin-B1 specifically slowed down the growth of Nrp1-positive axons. This result is consistent with the hypothesis that precocious expression of Ephrin-B1 negatively regulates Sema3C/Nrp1 signaling that attracts and promotes axonal extension at pre-crossing stage.
We next tested how the loss of Efnb1 affects axonal response to Sema3C at post-crossing stage. The conditional deletion of Efnb1 in pallial derivatives did not prevent midline crossing (Figure S4B) , thus allowing the assessment of the post-crossing axon trajectory. We tested the response of callosal axons to Sema3C-expressing HEK293T cells using the contralateral grafting paradigm described in Figure 7A . In brain slices from Efnb1
Cont embryos, DiI-labeled Fr CCAs axons mainly exited the callosal tract before the midline ( Figures 7B and 7D) , as reported above in wild-type slices. In Efnb1 cKO slices, however, DiI-labeled axons now exited the tract both before and after crossing the midline, leading to an increase of DiI fluorescence in the contralateral septum as compared to the control condition ( Figures 7C and 7D) . Thus, the desensitization of post-crossing Fr CCAs to the chemoattractive activity of Sema3C requires Ephrin-B1 function. We next tested how a lack of desensitization to Sema3C may impair the normal development of CCAs after midline crossing. n represents the number of axons from at least 3 independent experiments. Scale bars, 10 mm. See also Figure S4 .
Nrp1
Ephrin-B1 embryos were unilaterally labeled by in utero electroporation at E13.5 with a GFP-expressing plasmid. At E18.5, we found that the loss of Ephrin-B1 limited the medio-lateral extension of Nrp1-positive callosal axons along the contralateral path (Figures 7E-7G ). This result is consistent with an impaired capacity of mutant CCAs to grow away from the medial regions and high levels of Sema3C. Together, these data suggest that the regulated expression of Ephrin-B1 in Fr CCAs sets the on/off response pattern to Sema3C observed in the ipsilateral and contralateral brain hemispheres.
DISCUSSION
We describe here a mechanism that regulates the responsiveness of pre-crossing and post-crossing CCAs to secreted semaphorins distributed in opposite (mirror) gradients within the two cortical hemispheres. Several molecular mechanisms have been identified previously that regulate the outcome of semaphorin signals [25, [32] [33] [34] . For example, a given semaphorin ligand can act through different multi-subunit receptor complexes to activate repulsion or attraction in distinct neuronal populations [25, 32] . However, there is little knowledge so far on how axonal growth cones switch on or off responsiveness to semaphorins as they progress along their pathway. The best-studied example concerns spinal commissural neurons, which become sensitive to the repellent activity of Sema3B only after they encountered the floor plate [35] . This sensitization is explained by the expression of Neuropilin-2 at the floor plate that sequesters Sema3B to prevent its premature action on pre-crossing axons, and by the action of floor plate-derived permissive factors (e.g., Shh, GDNF, NrCAM) that enable axons to respond to Sema3B with repulsion [36] [37] [38] . Here, we describe a mechanism that turns off attractive Sema3C signaling during development of callosal projections. We demonstrated that pre-crossing Fr CCAs express Nrp1 and are responsive to Sema3C attraction both in vitro and in brain slices. In addition, we showed that Ephrin-B1 expression is temporally regulated during CCA development, being absent on pre-crossing Fr CCAs and increasing after midline crossing. Using gain-and loss-of-function experiments, we showed that this upregulation of Ephrin-B1 is required to prevent Sema3C to exert its attractive activity on post-crossing axons. The mechanism that controls the timely expression of Ephrin-B1 is not known. Although we cannot exclude a cellintrinsic transcriptional activation in callosal neurons, our grafting experiments indicate that contact with the telencephalic midline is likely to be required to turn off attraction in post-crossing CCAs. This suggests that an extrinsic midline-derived signal may cause transcriptional changes in callosal neurons, as reported in other commissural systems [39, 40] . Overall, our data, together with previous studies, allow us to propose a model in which the mirror-symmetric navigation of CCAs requires not only post-crossing axons to switch on responsiveness to repulsive midline-derived signals (e.g., Slit2, Wnt5a), allowing them to escape from the midline [5, 16] , but also to switch off attraction by signals distributed in high-medial to low-lateral gradients (e.g., Sema3C) in order to progress in the contralateral side toward the down-gradient direction.
Our analysis of the function of Ephrin-B1 in developing CCAs has indicated that it inhibits Sema3C-induced attractive and growth-promoting activities. Additionally, we found that this silencing activity occurs independently of Eph receptors, since the Ephrin-B1S37 mutant lacking the ability to interact with Eph receptors retains the ability to block axonal response to Sema3C. Eph receptor-independent functions have been reported previously for Ephrin-B1 in hepatoblasts [41] and carcinoma cells [42] and for Ephrin-B2 in endothelial cells [43, 44] . In all cases, they involve intracellular signaling events mediated by the ephrin intracellular domain. In contrast, we found here that the extracellular domain, but not the intracellular domain, of Ephrin-B1 mediates the blocking activity on semaphorin signal. While this suggests that reverse signaling by Ephrin-B1 is dispensable, we cannot exclude the possibility that Ephrin-B1 signals by associating with co-receptor components, as reported for glycosylphosphatidylinositol (GPI)-anchored A-type ephrins [45] [46] [47] , and triggers a negative crosstalk with Sema3C/Nrp1 signaling intracellularly. However, since Ephrin-B1 is able to interact physically with Nrp1 we favor another model in which, by binding to Nrp1, Ephrin-B1 may prevent the assembly of a functional receptor complex for Sema3C. While neuropilins usually associate with members of the plexin family to mediate semaphorin repulsion on axons, there is much greater diversity in the co-receptors involved in semaphorin attraction [25, 34] , and, in the particular case of Sema3C, the(se) co-receptor(s) remain unknown. This has, therefore, prevented further investigation of the proposed hypothesis.
Another key finding of this study is that a N139Q mutant nonglycosylated Ephrin-B1 protein is unable to block Sema3C signal in CCAs, highlighting a critical role for N-glycosylation in this function. All vertebrate ephrins, except Ephrin-B1, have a conserved N-glycosylation site located near the heterotetramerization Eph/ephrin interface (Asparagin residue 26 in mouse ephrins; [48] [49] [50] [51] ). It has been proposed that ephrin glycosylation is required for proper binding and activation of Eph receptors [48] . The fact that Ephrin-B1 lacks the modification at this position may account for its reduced tendency to form heterotetramers with Eph receptors, as compared to Ephrin-B2 [30] . On the other hand, Ephrin-B1 is glycosylated at residue corresponding to Asparagin 139 (N139), close to the receptor binding (G-H) loop region [30] . The G-H loop of the unbound Ephrin-B1 has a unique conformation and is not involved in any homotypic interactions, as reported for other ephrins in the absence of the receptor [30, 51] . It is tempting to speculate that this structural feature, together with the presence of a N-acetyl-glucosamine moiety attached to Asparagin-139, may account for the ability of Ephrin-B1 to interact with Nrp1 and for its specific blocking activity against Sema3C/Nrp1 signaling, which is not shared by any of the other ephrins tested. The lack of glycosylation at Asparagin-139 may modulate the Ephrin-B1/Nrp1 interaction and therefore explain the lack of activity of the Ephrin-B1N139Q mutant proteins. Future structural and biochemical studies will help to gain further insight into this model. In conclusion, our results uncovered a previously unknown functional relationship between members of the ephrin and semaphorin families, where Ephrin-B1 silences axonal response to Sema3C in a Eph receptor-independent manner. This mode of interaction significantly differs from the previously described synergistic integration of Eph/ephrin signals with other axon guidance pathways [45, 52] . Given the importance of ephrin and semaphorin molecules in many different tissues, this mechanism may have broad relevance not only to neural circuit development, but also to various physiological and pathological situations.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mouse lines and embryos All animal procedures were conducted in accordance with the guidelines from the French Ministry of Agriculture (agreement number F1305521) and approved by the local ethics committee (C2EA-14 agreement 2015060510102024-V7 #1186 
Dissociated Neuronal Cultures
Embryonic brains from wild-type, Efnb1 cKO or control littermate mice were dissected to extract the neocortex at E15.5 or E18.5.
A detailed protocol for dissociated cultures and electroporation is available in [56] .
METHOD DETAILS Plasmids
The following constructs were previously reported: pCAGGS-GFP [32] , Nrp1 [57] , EphB2-DC, EphA4-DC, Ephrin-B1-DC [58] , Ephrin-B1-S37 [28] , Ephrin-B1-GFP [59] . Two putative glycosylation sites were identified in the extracellular domain of mouse Ephrin-B1 using ScanProsite (https://prosite.expasy.org/scanprosite/): a N-glycosylation site at N-139 and a glycosaminoglycan attachement site at S-217. Attachment sites were mutated by site-directed mutagenesis to generate Ephrin-B1N139Q and Ephrin-B1S217A mutant proteins. The AP-Sema3C and AP-Vegfa plasmids were reported previously [7, 25] , the AP-Sema3A plasmid was synthesized and cloned by GeneCust company.
AP binding
Conditioning media containing recombinant mouse AP-Sema3A, AP-Sema3C and AP-Vegfa proteins were obtained from transiently transfected HEK293T cells [56] . AP-ligand binding experiments were performed as described previously [56, 60] .
Axon outgrowth assays Dissociated E15.5 or E18.5 cortical neurons were cultured for 2 days in vitro (DIV) in the presence or absence of AP-Sema3C (15 nM), fixed in 4% PFA and immunostained with anti-tubulin and anti-Nrp1 antibodies or, for electroporated neurons, with anti-GFP antibody. The effects on axon growth were quantified using the ImageJ plug in Neuron J as described [56] . Data were pooled from at least three independent experiments and mean was calculated. Statistical significance of differences between conditions was evaluated using the Kruskall-Wallis test with Dunn's correction.
Analysis of cell surface expression of Nrp1
After 48 h in culture, dissociated E15.5 cortical neurons expressing recombinant Ephrin-B1 or treated with soluble Ephrin-B1-Fc were fixed in 2% PFA. Immunostaining with anti-Nrp1 antibody under non-permeabilizing conditions was performed to detect surfaceexpressed receptors. Fluorescent-stained growth cones were imaged with a confocal microscope (Zeiss LSM 510 Meta) equipped with a 63x oil Plan-NEOFLUAR objective. Parameters of time interval and gain setting on the camera were adjusted so that the brightest areas did not reach saturation. The immunofluorescence within the area of the growth cone was measured using ImageJ. Data from all growth cones analyzed were pooled and mean was calculated. Statistical significance of differences between means was evaluated using the Mann-Whitney test.
Immunohistochemistry, In Situ Hybridization Fixed brains were sectioned, at thickness of 80-100 mm, on a vibratome and immunohistochemistry on floating sections was performed following standard procedures [25] [61] .
Slice culture Organotypic brain slices containing the Corpus Callosum were prepared from E16.5 CD1, Efnb1 cKO or control embryos as described before [7] . For tissue transplantation experiments, areas of interest were dissected out from a donor slice containing the Cg or the midline region (defined as the region bordered by the indusium griseum dorsally and the septum ventrally) and inserted into a host slice containing an intact corpus callosum either orthotopically of heterotopically in the host Cg or the septum, after a small incision. A small DiI crystal was inserted into the Fr cortex in order to follow the trajectory of CCAs. After 3 DIV, slices were fixed in 4% PFA and processed for immunostaining as described in [55] . After visual examination on a fluorescent microscope, slices were classified as ''normal,'' ''aberrant'' (disorganized axons in the Cg), ''not attracted'' (following the normal path), or ''attracted'' (deviated toward the septum) and distributions were compared using chi-square tests. For cell aggregate grafts, HEK293T cells were co-transfected with GFP and AP-Sema3C expressing plasmids and aggregates were transplanted into the septum, ipsilaterally or contralaterally to the DiI crystal inserted in the Fr cortex. Images were acquired on a confocal microscope (Zeiss LSM 510 Meta) equipped with a 20x Plan-NEOFLUAR objective. After background subtraction, mean fluorescence intensity was calculated from 2 squared boxes of 200x200 pixels side located on either side of the midline at 200 pixels under the ventral-most border of the labeled corpus callosum tract. The mean fluorescence intensity in each box was normalized to the total amount of fluorescence in the two boxes. Data from each slice were pooled and mean was calculated. Statistical significance of differences between means was evaluated using a paired t test.
In Utero Electroporation Electroporation were performed as described previously [62] with slight modifications. Briefly, indicated constructs were injected into the lateral ventricle of E13.5 embryos with a Nanoject III (Drummond) and targeted to either the medial or lateral wall of the cortex by orienting the negative and positive palettes of the electrode (CUY, Nepagene) appropriately. Four square electric pulses of 40 V and 50 ms were delivered through the uterus, at 500-ms intervals, using a square pulse electroporator CUY21 Edit (NepaGene). The surgical incision was then closed and pregnant mice were administered appropriate post-op analgesics and care. Embryos were allowed to develop until E17.5 or E18.5. After anti-GFP immunostaining, the distance from the midline to the tip of the axon was measured for the 10 longest GFP + fibers using Neuron J and the mean was calculated for each slice. Data from each slice were pooled and mean was calculated. Statistical differences between means were assessed using a Mann-Whitney or a Kruskal-Wallis test with a Dunn's post-test depending on the number of conditions compared.
To analyze Ephrin-B1 expression on callosal axons, brain slices from embryos unilaterally electroporated with a GFP construct at E13.5 were immunostained for Ephrin-B1 and GFP and a single confocal plane was acquired using a confocal microscope (Zeiss LSM 780) equipped with a 20x Plan-Apochromat objective. Parameters of time interval and gain setting on the camera were adjusted so that the brightest areas did not reach saturation. The signal intensity for Ephrin-B1 on single GFP traced axons was measured using ImageJ. Data from all axons analyzed were pooled and mean was calculated. Statistical significance of differences between means was evaluated using an unpaired t test with Welch's correction.
Immunoprecipitation and western blotting
For immunoprecipitation, brain tissues from E15.5 or E18.5 embryos were dissected out in cold PBS and then incubated for 2 hours at 4 C in lysis buffer (NaCl 150 mM, Sodium Deoxycholate 0.25%; Triton 1%, EDTA 1 mM, Tris HCl pH 7.5). Lysates were cleared by centrifugation (14000 rpm for 15 min at 4 C), with a fraction kept for immunoblotting. The remainder was used for immunoprecipitation with an anti-Ephrin B1 antibody coupled with protein A beads or control anti-IgG coupled with protein A beads (overnight at 4 C). The beads were then washed with lysis buffer, dry and immediately processed for western blotting, by addition of 1X loading buffer (4X 100 mM Tris-HCL pH 6.8, 8% SDS, 40% glycerol, 4% mercapto ethanol and Bromophenol blue) and boiled for 5min at 95 C. The ratio of co-immunoprecipitated Nrp1 relative to immunoprecipitated Ephrin-B1 was quantified by measuring the intensity of hybridized bands using ImageJ software. Ratios obtained from four independent experiments were averaged and normalized to 1 for the E15.5 Med condition. Statistical difference between means was evaluated using a Kruskal-Wallis test with a Dunn's post-test .
HEK293T cells transfected with Ephrin-B1, Ephrin-B1S217A or Ephrin-B1N139Q were incubated with 5mM MG132 for 24 h prior to protein extraction. Cells were scraped in an ice cold PBS solution, pelleted by centrifugation at 1500 rpm for 5 min and washed once in large volume of ice cold PBS. Pellets were suspended in cold protein lysis buffer (50 mM HEPES pH 7.5 containing 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 0.1% Tween 20, 10% glycerol, 1% NP40, 0.5 mM DTT) supplemented with anti-protease (11836170-001, Complete, ROCHE) and anti-phosphatase (04906834-001, PhosStop, ROCHE) for 1 h on ice. Protein lysates were then vortexed, sonicated and centrifuged at 13,000 rpm for 10 min. Samples were denatured by boiling in loading buffer prior to loading and electrophoresis on a 10% SDS-PAGE gel (home made). Proteins were transferred onto a nitrocellulose membrane (11998905, GE) which was blocked for 30 min (or 1hr for IP) and incubated with primary antibody in 5% non fat dry milk (or 10% FBS for IP) in TBS-T (20 mM Tris Base, 150 mM NaCl, 0.05% Tween 20 and adjusted to pH 7.6 with 1 M HCl) overnight at 4 C. Membrane were washed with vigourous shaking in several baths of TBS-T and incubated for an hour with Peroxidase coupled species corresponding secondary antibody in 5% non fat dry milk in TBS-T (10% FBS in TBS-T). After a similar washing procedure membrane were incubated with WestPico (or Western Lighting Plus ECL for IP) chemiluminescent substrate (34080,Thermo Fisher) according to manufacturer's instructions.
STED microscopy COS-7 cells transfected with GFP-Ephrin-B1 and Nrp1 were fixed and immunostained using anti-GFP and anti-Nrp1 antibodies. To obtain super-resolution 2D STED-images, the Leica TCS SP8 time-gated system was used, equipped with white light pulse laser (WLL2) and time-gated detection with hybrid amplifier. The oil immersion objective HCX PL APO STD 100 3 (numerical aperture 1.4) was used. Confocal images were obtained using 488 nm and 543 nm excitation wavelengths and appropriate filtering parameters.
